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● S0/4(1- !)="T4
● ! =#(cloud)
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Why care about cloud representation in global models?
Final Government Draft Chapter 7 IPCC AR6 WGI 
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Figure 7.18: Summary of the equilibrium climate sensitivity (ECS) and transient climate response (TCR) 4 

assessments using different lines of evidence. Assessed ranges are taken from Tables 7.13 and 7.14 for 5 

ECS and TCR respectively. Note that for the ECS assessment based on both the instrumental record and 6 

paleoclimates, limits (i.e. one-sided distributions) are given, which have twice the probability of being 7 

outside the maximum/minimum value at a given end, compared to ranges (i.e. two tailed distributions) 8 

which are given for the other lines of evidence. For example, the extremely likely limit of greater than 9 

95% probability corresponds to one side of the very likely (5% to 95%) range. Best estimates are given as 10 

either a single number or by a range represented by grey box. CMIP6 model values are not directly used 11 

as a line of evidence but presented on the Figure for comparison. ECS values are taken from Schlund et 12 

al. (2020) and TCR values from Meehl et al. (2020), see Supplementary Material 7.SM.4. Further details 13 

on data sources and processing are available in the chapter data table (Table 7.SM.14). 14 
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GIPCC AR6 Fig 7.18 (cropped)

-ECS best estimate 3C and 
very likely range 2C to 5C

-Multiple lines of evidence
narrows ECS uncertianty
range in AR6

-Cloud feedback dominant 
source of uncertainty in 
future projections
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Cloud feedback in CMIP5 and CMIP6

Zelinka et al  (2020), GRL

• More positive cloud feedback in CMIP6 than in CMIP5 
explains higher sensitivity
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Global albedo – CMIP3

Bender et al  (2006), Tellus
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Model clouds overall ”Too few, too bright”
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Bender et al  (2017), J Clim

Models (CMIP5) 
dominate

Observations (CERES, MODIS) 
dominate
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”Too few, too bright” remains in CMIP6

Southern Ocean

Global ocean

Peter Kuma1,* and Frida Bender1

1Stockholm University, Department of Meteorology (MISU), Stockholm, Sweden
*E-mail: peter.kuma@misu.su.se; Web: https://peterkuma.net/science

CMIP6 1982–2014
Posterior distributions of the multivariate regression y = c0 + [c1]*[x].

CMIP5 1982–2005
Posterior distributions of the multivariate regression y = c0 + [c1]*[x].
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Constrained aerosol forcing for
improved climate projections
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Cloud fraction PC1

sig. at p = 0.7 %

Cloud fraction PC2

sig. at p = 0.1 %

Cloud brightness PC1

not sig.

Cloud brightness PC2

not sig.

Cloud fraction PC1

sig. at p = 2 %

Cloud fraction PC2

sig. at p = 2 %

Cloud brightness PC1

sig. at p = 4 %

Cloud brightness PC2

not sig.

Climate sensitivity and the Southern Ocean:
the e�ect of the "too few, too bright" model cloud problem

CLARA-2A (1982–2014)

Cloud_cci (1982–2014)

PATMOS-x (1982–2014)

MODIS (2003–2014)

CERES (2003–2014)

Multivariate regression Bayesian simulation

(Markov chain Monte Carlo)

Cloud fraction (clt)

Cloud brightness ("tftb" = rsut/clt)

Equilibrium climate sensitivity (ECS), Meehl et al. (2020)

Posterior ECS

CMIP5 historical

CMIP6 historical

ECS = 4.6–5 � (66% HDI)

Sig. at p = 3%

• The "too few too bright" problem (TFTB) means that model clouds cover too small area but have too high albedo – a compensating error.
• How does this bias impact model climate sensitivity?
• We looked at the Southern Ocean (SO) and global ocean impact, using satellite measurements as an observational constraint.
• We employed a multivariate regression approach based on Markov chain Monte Carlo (MCMC).
• Constraining climate sensitivity based on cloud fraction/brightness in the SO and over global ocean yields equilibrium climate sensitivity (ECS) in a likely (66%) range 4.6–5� and 3.7–5.2� in CMIP6 
(respectively) and 3.7–4.4� in CMIP5. These results are preliminary.

• CMIP6 models display probability density function (PDF) of daily albedo wider than observations (CERES). In models more extreme cloud scenes 

are more common than in reality. This occurs in both low-latitude (45–55°S) and high-latitude (55–65°S) Southern Ocean.

• When this bias is parametrised with the entropy of the PDF of top of atmosphere (TOA) outgoing radiation (rsut), models with greater bias show 

lower ECS than models with lower bias.

• This linear relationship is signi�cant at p = 3%, and constraints ECS to 4.6–5� (66% highest density interval; HDI).

Bayesian linear regression y = c0 + c1*x with Cauchy-distributed residual error, simulated with PyMC.

• We used historical satellite data (CLARA-2A, Cloud_cci, PATMOS-x, MODIS and CERES) from 1982 to 2014 to link biases in cloud fraction brightness 

over the ocean to model ECS in CMIP5 and CMIP6.

• Models are biased low in cloud fraction (clt) and high in cloud brightness (rsut/clt used here as a proxy for cloud brightnes).

• We calculated principal components (PC) of variability of cloud fraction and cloud brightness across models. We used projection of �elds on these 

PCs as predictors in a multivariate regression.

• Some of the 1st and 2nd PC of cloud fraction and cloud brightness are signi�cantly linearly related to model ECS (p-value between 0.1% and 4%).

• Multivariate regression simulated using MCMC constraints the ECS to 3.7–4.4� and 3.8–5.1� likely range (66% HDI) in CMIP5 and CMIP6, 

respectively.

Cloud fraction and cloud brightness in CMIP5 and CMIP6 models and satellite observations.

Cloud albedo PDF in models and observations in high- and low-lat. SO.

Schematic of the analysis.

First two principal components of variability of cloud fraction and cloud brightness acress models.

Signi�cant linear regression components.Signi�cant linear regression components.

ECS ECS

Courtesy Peter Kuma
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Interhemispheric albedo symmetry

E.g. Voigt et al. (2013, 2014), Stephens et al. (2015), Bender et al. (2017), 
Datseris & Stevens (2021), Jönsson & Bender (2022), Diamond et al. (2022)

NH

NHSH
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Regional asymmetry => hemispheric symmetry (CMIP5)

Bender et al. 
(2017), J Clim
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Clear-sky albedo greater in NH than SH
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Clear-sky albedo greater in NH than SH

Total albedo asymmetry follows 
cloud fraction asymmetry
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Clear-sky albedo greater in NH than SH

Total albedo asymmetry follows 
cloud fraction asymmetry

Mean ITCZ position in NH
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Clear-sky albedo greater in NH than SH

Total albedo asymmetry follows 
cloud fraction asymmetry

Mean ITCZ position in NH

Cloud fraction and cloud albedo 
counteracting clear-sky asymmetry
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Regional asymmetry => hemispheric symmetry (CMIP6)

Courtesy Marcus Karlsson
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Albedo symmetry in CERES EBAF

Jönsson and Bender 
(2021), J Clim

FIG. 1. a): Left axis: the time evolution of the asymmetry (inter-hemispheric differences in 12-month running

mean F"
TOA, solid black line) and inter-hemispheric differences in monthly mean anomalies DF"

TOA (dashed black

line). The blue (red) ticks along the time axis denote months with anomaly asymmetries that are lower than

the 10th (higher than the 90th) percentile in the time evolution, and make up the ‘SH brighter’ (‘NH brighter’)

composites. Right axis: the 12-month running mean F"
TOA in the NH (blue line) and SH (yellow line). b): Time

evolution of inter-hemispheric differences in 12-month running mean F"
TOA and contributions thereto (F"

atm and

F"
atm,clear: all-sky and clear-sky atmospheric, respectively; F"

sur f : surface, and; F"
cloud : cloud), OLR, and net

radiation (NET). OLR is defined as positive outward at TOA, and NET is defined as positive for a net energy

input into Earth.
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• Inter-hemispheric differences
in reflected SW radiation
within 0.1 Wm-2

• Greater reflection from 
clouds in SH balances greater
surface albedo and clear-sky 
albedo in NH 
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Patterns of anomalous asymmetry composites

FIG. 4. Composite mean monthly anomalies in reflected solar radiation DF"
TOA in the states of high asymmetry

for a) ‘SH brighter’ and b) ‘NH brighter’. Stippling indicates that composite DF"
TOA differs from the entire

distribution of DF"
TOA in CERES EBAF at that grid cell with 95% confidence.

1063

1064

1065

54

FIG. 5. Correlation fields for the first five EOFs for F"
TOA (a-e) and the first EOF for DF"

TOA (f) in CERES

EBAF. These correlation matrices depict the spatial correlation between the EOF and the CERES EBAF time

series on a standardized scale and do not capture the amplitude of covarying F"
TOA. The percentage of variance

explained (PVE) explained by each EOF is also listed. The signs of EOFs and PCs are arbitrary, and have

therefore been made consistent in e) and f) for ease of interpretation.
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• The variability in asymmetry is strongly

determined by tropical and subtropical

clouds, particularly those related to 

non-neutral phases of ENSO.

Jönsson and Bender 

(2021), J Clim
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Albedo symmetry in CMIP6 models

FIG. 6. Characteristics of asymmetry in 2000-2014 in coupled (+) and atmospheric (⇥) models, as well as in

450 years of PI control simulations in coupled models (N). For coupled models in historical simulations, output

is averaged across 3 realizations. a): Time mean asymmetry; error bars denote standard deviations in 12 month

running mean asymmetry. b): Inter-hemispheric differences of midlatitude (40-60°) mean F"
TOA plotted against

mean asymmetry in CERES EBAF and in models. c): Time evolution of the 12-month running mean asymmetry

in CERES EBAF, and in historical simulations from coupled (solid lines) and atmospheric (dashed lines) model.

Error bars depict standard deviations between realizations for the coupled models.
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• CMIP6 models underestimate symmetry, and overestimate variability

• Fixed SST brings models closer to symmetry

• Model bias in symmetry driven by midlatitude clouds

Jönsson and Bender 
(2021), J Clim
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Asymmetry response to strong forcing

• Models lose NH sea ice in response to strong forcing

• Some models regain symmetry

• Restoration can be related to SH cloud loss, or to NH cloud gain - with different implications

for cloud feedback

Courtesy Aiden Jönsson
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Asymmetry response to strong forcing
Models that restore more… …lose more clouds in the SH mid-latitudes… …and are typically at the 

high-ECS end

Courtesy Aiden Jönsson
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Factors controlling SH midlatitude cloud

● Models with greater drop in surface wind speed, more SST increase, 

more decrease in equator-to-pole gradient lose more cloud

● Similar cloud controlling factors determine present-day variability

Loss of cloud
fraction

Loss of cloud
water

Drop in  wind
speed

Increase in 
temperature

Weakened pole-to-
equator gradient

More positive cloud feedback

More cloud reflection

Loss of cloud fraction

Reduced
cloud
reflection

Courtesy Aiden Jönsson
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Albedo symmetry in storm resolving models

Courtesy Aiden Jönsson

• Storm-resolving (5km, 10km) ICON reproduces
interhemispheric albedo symmetry well

• ICON (5km) represents absolute albedo well

NH-SH mean Global mean

ICON ngc2009 (5 km) -0.89% 31.95%

ICON ngc2012 (10 km) -1.4% 33.93%

CERES EBAF (clim) -0.03% 32.06%

Both 5 and 10 km runs have quite close albedo symmetry (near observations)

Global reflected SW 
radiation (OSR) is 

reduced:

SW CRE is 
impacted 

asymmetrically 
between 

hemispheres:
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• Increasing resolution from 10 km to 5km 
reduces (the positive) CRE bias in SH 
midlatitude storm tracks

• Storm track position moves poleward
with increasing resolution, in better
agreement with CERES 
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CERES EBAF (clim) -0.03% 32.06%
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Global reflected SW 
radiation (OSR) is 

reduced:

SW CRE is 
impacted 

asymmetrically 
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Global reflected SW 
radiation (OSR) is 

reduced:
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impacted 

asymmetrically 
between 
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Albedo symmetry in storm resolving models

Courtesy Aiden Jönsson
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Summary
● Cloud-compensation of clear-sky asymmetry stems from mid-latitude cloud amount

and cloud albedo, and subtropical cloud amount

● Midlatitude cloud properties are determining of level of symmetry, and model bias, 

while tropical cloud distribution determines its variability

● Restoration from CO2-induced imbalance is driven by SH mid-latitude clouds. Most 
restoration seen in most sensitive models.

● Storm-resolving models show promise of improved representation of albedo

symmetry
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